To ensure the accurate transmission of genetic material, chromosome segregation must occur with extremely high fidelity. Segregation errors lead to chromosomal instability (CIN), with deleterious consequences. Mutations in the tumor suppressor adenomatous polyposis coli (APC) initiate most colon cancers and have also been suggested to promote disease progression through increased CIN, but the mechanistic role of APC in preventing CIN remains controversial. Using fly embryos as a model, we investigated the role of APC proteins in CIN. Our findings suggest that APC2 loss leads to increased rates of chromosome segregation error. This occurs through a cascade of events beginning with incomplete centrosome separation leading to failure to inhibit formation of ectopic cleavage furrows, which result in mitotic defects and DNA damage. We test several hypotheses related to the mechanism of action of APC2, revealing that APC2 functions at the embryonic cortex with several protein partners, including Axin, to promote mitotic fidelity. Our in vivo data demonstrate that APC2 protects genome stability by modulating mitotic fidelity through regulation of the cytoskeleton.
INTRODUCTION
The tumor suppressor adenomatous polyposis coli (APC) has dual roles in regulating Wnt signaling and the cytoskeleton (Fearon, 2011) . In its cytoskeletal roles, APC is suggested to regulate mitosis. During mitosis, chromosomes must be accurately segregated into daughter cells with extremely high fidelity. Mitotic fidelity is rooted in formation of bipolar spindles via microtubule nucleation by centrosomes (Tanenbaum and Medema, 2010) . As spindles form, microtubules must properly attach to kinetochores to facilitate chromosome segregation.
Despite the many mitotic regulators and checkpoints, errors inevitably occur. In normal cells in vitro, chromosome missegregation occurs in ~1% of divisions, leading to aneuploidy (Cimini et al., 1999; Thompson and Compton, 2008) . Missegregation can be caused by defects at several steps during mitosis, e.g. abnormal centrosome number, function or separation can disrupt bipolar spindles (Silkworth et al., 2012; Tanenbaum and Medema, 2010) . Aneuploidy has deleterious effects on cell behavior (Gordon et al., 2012) , and chromosome mis-segregation can also lead directly to DNA damage, further destabilizing the genome (Crasta et al., 2012; Janssen et al., 2011) .
Chromosome mis-segregation plays a crucial role in the multistep process leading to aggressive cancers (Gordon et al., 2012) . Mutations in tumor suppressors and proto-oncogenes promote cancer initiation by misregulating signaling pathways, driving the cell cycle. However, these initial mutations are not sufficient; instead, accumulation of additional genetic changes leads to metastatic tumors. It has been recognized for more than a century that cancer cells have a highly elevated frequency of chromosome segregation defects. Chromosomal instability (CIN) is a hallmark of advanced tumors (Hanahan and Weinberg, 2011) , and leads to a cycle of mitotic defects, further destabilizing the genome and promoting cancer progression.
More than 80% of colorectal tumors are initiated by loss-offunction mutations in the tumor suppressor APC (Fearon, 2011) . APC prevents tumor initiation by negatively regulating Wnt signaling, helping target βcatenin (βcat) for destruction. APC loss activates Wnt signaling, with profound consequences for proliferation and differentiation (Phelps et al., 2009; Smits et al., 1999) . However, there is also evidence that APC loss promotes tumor progression. Approximately 80% of colorectal tumors have some form of CIN (Migliore et al., 2011; Rajagopalan et al., 2003; Shih et al., 2001) . APC disruption has been linked to increased CIN, providing a mechanism by which it may drive tumor progression (Alberici and Fodde, 2006) . Consistent with this hypothesis, many APC mutant colon cancer cell lines display high-level CIN, whereas a colon cancer line with an oncogenic βcat mutation but wild-type APC is chromosomally stable (Caldwell et al., 2007; Lengauer et al., 1997; Thompson and Compton, 2008) . Furthermore, one study found ~60% of polyps from patients with inherited APC mutations contain aneuploid cells, suggesting that CIN might precede accumulation of additional mutations (Cardoso et al., 2006) , although others found no significant increase in CIN in adenomas (Haigis et al., 2002; Sieber et al., 2002) . These data suggest a role for APC in CIN prevention.
APC proteins are multidomain scaffolds that interact with both the actin and microtubule cytoskeletons (Näthke, 2006) . Although many studies suggest that CIN results from disrupting the cytoskeletal functions of APC, the suggested mechanisms are diverse. They include proposed roles in microtubule-kinetochore attachment (Fodde et al., 2001; Kaplan et al., 2001) , microtubule/spindle dynamics (Bahmanyar et al., 2009; Caldwell et al., 2007; Dikovskaya et al., 2004; Green et al., 2005) and the spindle assembly checkpoint (Dikovskaya et al., 2007; Radulescu et al., 2010) ; others suggested indirect effects via misregulated Wnt signaling (Aoki et al., 2007; Hadjihannas et al., 2006) . Thus, although most studies support a role for APC in preventing CIN, its mechanism of action remains unclear. Furthermore, most studies were in cultured cells, in which normal mechanisms protecting genome stability may be weakened (Farrell et al., 1991; Mazars et al., 1992) , and those performed in vivo utilized truncated APC alleles that can be dominant-negative (Cheung et al., 2010) . Therefore, it is essential to determine whether APC proteins have endogenous roles in high-fidelity chromosome segregation in vivo, and if so, by what mechanism they function.
To address these issues, we examined APC function in early Drosophila embryos, an excellent model for mitosis and cytoskeletal regulation. Early embryos are syncytial, with nuclei undergoing 13 synchronous mitotic cycles without cytokinesis (Mazumdar and Mazumdar, 2002) . Cycles 10-13 occur cortically ( Fig. 1A ; supplementary material Movie 1), during which mitotic spindles form parallel to the cortex, so both daughter nuclei remain cortically anchored. Although there is no cytokinesis, actin-lined membrane invaginations called pseudocleavage furrows move down between nuclei at prophase (Fig. 1A ,AЈ) and recede during anaphase. Pseudocleavage furrows separate adjacent nuclei/spindles during divisions, and are thought to provide attachment points for astral microtubules. Syncytial mitoses are extraordinarily rapid (~10 minutes) and thus more error-prone. Nuclei suffering mitotic defects are removed from the cortex so they do not contribute to the future embryo, a process termed 'nuclear fallout' (Sakurai et al., 2011; Takada et al., 2003) . Thus, syncytial embryos are a powerful system in which to examine how cells achieve high-fidelity mitosis during normal development by investigating proteins with subtle yet important functions in mitotic fidelity.
Syncytial fly embryos are an excellent model for the cytoskeletal regulatory roles of APC in vivo. Embryos lacking APC2 have an elevated frequency of nuclear fallout, suggesting that APC2 promotes high-fidelity mitosis (McCartney et al., 2001; McCartney et al., 2006) . Several mechanistic models have been suggested for how APC2 loss leads to elevated nuclear fallout. Because APC2 is cortically localized, it might tether mitotic spindles to the cortex (McCartney et al., 2001 ). Other work revealed potential roles for APC2 in building pseudocleavage furrows (Webb et al., 2009; Zhou et al., 2011) . APC2 also helps promote centrosome separation (Buttrick et al., 2008; Cao et al., 2010) , but this was not causally connected to nuclear removal. Thus, as in cultured cells, the mechanism by which APC2 regulates the cytoskeleton in vivo remains unclear.
To determine the mechanism by which APC2 helps prevent CIN, we identified the mitotic processes that do or do not require APC2. Together, our data reveal that APC2 acts as a cytoskeletal regulator to help maintain genome stability by promoting mitotic fidelity and preventing chromosome segregation errors. Our data further suggest the primary role of APC2 is in promoting centrosome separation, and this prevents formation of ectopic cleavage furrows. Interestingly, this requires almost all of the protein interaction domains of APC2, suggesting that a multiprotein complex operates at the cortex to ensure high-fidelity chromosome segregation and to prevent mitotic errors.
MATERIALS AND METHODS

Genetics
Mutations are described at http://flybase.org/ and supplementary material Table S1 . Wild type (WT) was y w. APC2 null embryos were progeny of APC2 g10 females and males. Embryos were collected from apple juice-agar plates at 0-3 hours. Maternal axin S04423 null mutants were generated by the dominant female-sterile technique (Chou et al., 1993) . We used the chk2 p6 allele (Brodsky et al., 2004) .
Embryo immunofluorescence and live-Imaging
Embryo immunofluorescence was performed as described in Roberts et al. (Roberts et al., 2011) . Antibodies, probes and live-imaging markers are listed in supplementary material Table S1 . Fixed images were acquired on Zeiss Pascal or 510 confocal microscopes. PhotoshopCS4 (Adobe, San Jose, CA, USA) was used to adjust levels so that the range of signals spanned the entire output grayscale and to adjust brightness and contrast. Live images were acquired on a Nikon TE2000-E microscope with Visitech InfinityHawk multi-point array scanner, using 40×, 60× or 100× Nikon objectives, a Ludl emission filter wheel with Semrock filters, and Hamamatsu ORCA R2 camera. Excitation was by 491 nm and 561 nm lasers. Movies were processed in ImageJ.
Scoring ectopic cleavage furrows
We live-imaged cycle 11-13 embryos expressing Moesin:GFP and His:RFP or mCherry:αTub, with three to five z-slices per time point. We scored ectopic furrows as linear Moesin:GFP structures above nuclei that: bisected normal pseudocleavage furrows, were stable in positioning, and persisted ≥1 minute. The number of ectopic furrows per total number of nuclei with normal furrows in the field of view, averaged across all embryos and cycles, was compared using Fisher's Exact Test (GraphPad).
To examine relationships between centrosome position and ectopic furrows, we employed two strategies, combining WT and APC2 embryos.
(1) We drew a line across the ectopic furrow during prophase/metaphase, and a line bisecting the centrosomes (Fig. 2D , upper inset), and used the Angle tool to calculate their acute angle in 32 nuclei with ectopic furrows from nine embryos, and compared these with a hypothetical random mean angle of 45 o using the one-sample t-test (GraphPad). (2) We measured the xy distance between centrosome pairs associated with ectopic furrows (d E ; Fig. 2D , lower inset), and measured the distances between centrosomes in four to six neighboring pairs lacking ectopic furrows (d N ) and calculated their mean distance. To allow unbiased comparisons of data from different embryos, we standardized distances by dividing ectopic furrow distance by normal centrosome distance (d E /d N ), yielding a ratio of centrosome distance at ectopic furrows relative to those without ectopic furrows. These were compared using the Wilcoxon Matched Pairs test (n=11 embryos).
RESULTS
APC2 promotes mitotic fidelity by ensuring correct chromosome segregation
Some studies suggest that APC plays an essential mitotic role, regulating spindle assembly or the spindle assembly checkpoint (see Introduction). Drosophila APC2 allows us to test these hypotheses during normal development. Syncytial embryos maternally mutant for APC2 have significantly elevated nuclear fallout; fly APC1 (APC -FlyBase) does not play a role here (McCartney et al., 2001; McCartney et al., 2006) . As some APC2 mutants encode dominantnegative proteins that might interfere with the cytoskeletal binding partners of APC2, we used embryos maternally and zygotically homozygous for the null allele APC2 g10 (McCartney et al., 2006) .
Consistent with previous work, most divisions occurred successfully in APC2 g10 mutants, but the percentage of nuclei undergoing fallout significantly increased (mean=2.04%, n=51 embryos; WT mean=0.93%, n=60; P=0.0024; Fig. 1A-C) . Thus, in syncytial embryos, APC proteins are not essential for mitosis, but instead ensure high fidelity.
To determine the root cause of elevated mitotic failure in APC2 mutants, we used live-imaging to compare mitosis in WT and APC2 embryos expressing the chromatin marker Histone2Av:RFP (His:RFP). We hypothesized that nuclear removal is a response to mitotic defects such as aberrant chromosome segregation. In WT and APC2 mutants, we found that nuclear fallout was frequently preceded by chromosome segregation defects, apparent as lagging chromosomes or chromosome bridges (88% had apparent defects, n=23/26 nuclei; Fig. 1D ; supplementary material Fig. S1A and Movies 1, 2). The frequency of segregation defects was significantly elevated in APC2 embryos (2.1%, n=19/902 dividing nuclei versus 0.7%, n=5/673 in WT; P=0.037; Fig. 1E ). These data suggest that elevated rates of chromosome segregation defects are likely to be the cause of the increased nuclear fallout in APC2 embryos, consistent with the recent findings that embryos lacking the DNA helicase RecQ5 also have increased fallout following chromosome segregation errors (Sakurai et al., 2011) . Furthermore, nuclear fallout can be initiated by a CHK2 (LOKFlyBase)-mediated response to induced DNA damage (Takada et al., 2003) , and two recent studies found that chromosome segregation defects can generate such damage (Crasta et al., 2012; Janssen et al., 2011) . In agreement, both APC2 mutant and WT nuclei undergoing fallout were highly enriched for the DNA damage marker γH2Av (HIS2AV -FlyBase) (Fig. 1F,G) (Madigan et al., 2002) . To test the hypothesis that nuclear fallout in APC2 mutants was a response to DNA damage, we generated chk2;APC2 double-mutant embryos. Almost all fallout was inhibited in them; instead, defective nuclei remained at the cortex, forming fused aggregates (Fig. 1C,H) . Together, these data suggest a model in which chromosome segregation defects generate DNA damage, activating the DNA damage response to initiate removal of defective nuclei.
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APC2 loss leads to centrosome separation defects and ectopic cleavage furrows
To identify mechanisms by which APC2 promotes high-fidelity chromosome segregation, we examined underlying cytoskeletal events. Although some studies have suggested that APC proteins promote spindle assembly (Bahmanyar et al., 2009; Dikovskaya et al., 2004; Green et al., 2005) , APC2 mutant spindles are structurally normal (McCartney et al., 2006) . We therefore examined centrosome separation, as defects in this can trigger chromosome segregation errors (Silkworth et al., 2012; Tanenbaum and Medema, 2010) . In syncytial embryos, centrosomes begin apically atop the nuclear envelope, and then move in both the xy and z axes; separating from one another in S phase, and away from the cortex during mitosis. APC2 ΔS mutants fail to fully separate centrosomes by prophase (Buttrick et al., 2008; Cao et al., 2010 embryos; P<0.001; Fig. 1I ). In APC2 null embryos, 12% of centrosome pairs had separation angles more than two standard deviations below the WT mean. Furthermore, WT centrosomes normally move away from the apical surface during mitosis (Cao et al., 2010) , whereas in APC2 mutants centrosomes remained more apical (2.15 μm below apical surface versus 2.70 μm in WT; P=0.03; supplementary material Fig. S1B-D) . Thus, endogenous APC2 promotes proper centrosome separation. In syncytial embryos, centrosomes have multiple roles. As in other cells, they nucleate spindle microtubules, but, as noted above, spindles are relatively normal in APC2 mutants. However, in syncytial embryos, centrosomes also regulate the actin cytoskeleton and thus formation/positioning of pseudocleavage furrows separating mitotic nuclei (Sullivan, 2009 ). We therefore examined whether chromosome segregation defects in APC2 mutants led to defects in pseudocleavage furrows, as others have suggested (Webb et al., 2009) .
To test this hypothesis, we live-imaged APC2 mutants expressing His:RFP and the actin-binding protein Moesin:GFP (Moe:GFP), which marks pseudocleavage furrows. We did not observe substantial defects in positioning of pseudocleavage furrows between nuclei. Instead, live imaging revealed a novel cytoskeletal defect in APC2 mutants. During normal cytokinesis, cells assemble cleavage furrows where microtubules overlap, thus dividing the cell into two daughters. This is driven by centralspindlin complex recruitment and subsequent Rho activation (Barr and Gruneberg, 4229 RESEARCH ARTICLE APC and genome stability 2007). However, syncytial embryos do not assemble cleavage furrows in the normal position; instead, they assemble pseudocleavage furrows between centrosomes of opposing nuclei (Fig. 2E) . Recent work revealed that, during syncytial divisions, although centralspindlin proteins localize to the region of microtubule overlap, cleavage furrows do not form owing to failure to activate Rho. Misexpressing active Rho triggered formation of 'ectopic' furrows above nuclei, where cleavage furrows would form in normal cytokinesis (Crest et al., 2012) . Strikingly, as APC2 mutants entered prophase, we observed similar ectopic furrows over a subset of nuclei ( Fig. 2A-AЉ ; supplementary material Movie 3). The ectopic furrows resembled cleavage and pseudocleavage furrows, similarly recruiting Moe:GFP, PavKLP:GFP and Diaphanous (DIA; supplementary material Fig. S1E,F) (Cao et al., 2008; Crest et al., 2012; Minestrini et al., 2003) . Like pseudocleavage furrows, ectopic furrows were cell cycledependent; they formed at prophase and typically withdrew at anaphase (supplementary material Movie 3). Ectopic furrows were occasionally observed in WT, but were significantly less frequent than in APC2 mutants (7.0% in APC2 versus 2.5% in WT; P<0.0001; Fig. 2C ). Thus, APC2 reduces ectopic furrow frequency.
Because APC2 promotes centrosome separation, we hypothesized that ectopic furrows in APC2 mutants are caused by failure to fully separate centrosomes, allowing them to position an ectopic furrow between centrosomes above a nucleus, rather than positioning pseudocleavage furrows between centrosomes of adjacent nuclei (Fig. 2E) . Consistent with this, ectopic furrows bisected actin caps roughly perpendicular to centrosome orientation (mean angle=74.2°; Fig. 2D, upper image) . Strikingly, the distance between centrosomes associated with ectopic furrows (mean=7.55±1.7 μm) was significantly less than that between centrosomes in neighboring cells without ectopic furrows (mean=8.0±1.6 μm; P<0.001; Fig. 2D , lower image). Together, these data and the known role of the centrosome in pseudocleavage furrows suggest that ectopic furrows result from centrosome separation defects. The ectopic furrows are similar to those induced by overexpressing the centrosome-associated protein Centrocortin (CEN) (Kao and Megraw, 2009) . We thus tested the hypothesis that increased CEN levels were present at centrosomes associated with ectopic furrows. However, immunostaining did not reveal obvious CEN recruitment differences (data not shown). We next tested whether ectopic furrows might reflect inappropriate localization of Rho activators, as failure to recruit RhoGEF2 normally prevents ectopic furrow formation (Crest et al., 2012) . Strikingly, ectopic furrows recruited RhoGEF2 (Fig. 2B) , the absence of which normally prevents cleavage furrow assembly in syncytial divisions. Therefore, we favor a model in which, when centrosomes are too close together, inappropriate delivery of cues or cargo triggers furrow formation above nuclei rather than solely at the periphery (Fig. 2E ).
Ectopic furrows induced by APC2 loss can perturb nucleus and spindle positioning
Because ectopic furrows formed directly above spindles, we hypothesized that the mitotic defects in APC2 mutants might be due to effects of ectopic furrows on spindles or associated nuclei. Consistent with this, ectopic furrows frequently displaced underlying nuclei away from the cortex (60%, n=49/82 ectopic furrows; Fig. 2A ; supplementary material Movie 3). By live imaging, we observed that although many nuclei affected by ectopic furrows divided without incident, others had subsequent mitotic defects. In severe cases, the anaphase chromosome segregation plane was not parallel with the cortex (supplementary material Fig. S2 and Movie 4), and nuclei underwent fallout (supplementary material Movie 5). This suggested that mitotic spindles in affected nuclei might be perturbed. We thus imaged APC2 mutants expressing Moe:GFP and mCherry:αTubulin (mCh:Tub). This revealed mis-positioned mitotic spindles associated with many ectopic furrows (34%, n=21/61 ectopic furrows; Fig. 2F ). Together, these data suggest that APC2 promotes high-fidelity chromosome segregation by facilitating centrosome separation, thus preventing ectopic furrows that can disrupt spindle organization and reduce chromosome segregation fidelity. Of course, APC2 loss might lead to chromosome mis-segregation by additional means; e.g. centrosome separation defects may disrupt chromosome segregation by increasing merotelic attachments (Silkworth et al., 2012) .
Perturbing centrosome separation by other means is associated with ectopic furrows and fallout
To test further our model wherein incomplete centrosome separation leads to increased ectopic furrows, which in turn increases nuclear fallout, we sought to disrupt centrosome separation in an APC2-independent manner. To do so, we expressed RNAi against the microtubule plus-tip protein EB1. EB1 regulates multiple aspects of microtubule function and disrupting EB1 function in syncytial embryos increases chromosome mis-segregation and nuclear fallout (Rogers et al., 2002; Webb et al., 2009 ). Importantly, unlike in mammals, APC2 lacks the C-terminal EB1-binding site, and EB1
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Development 140 (20) does not interact genetically or physically with APC2 in syncytial embryos, suggesting that they function independently (Webb et al., 2009) . Embryos expressing Eb1-RNAi had significantly reduced centrosome separation (mean=156.6°; P=0.0004 versus WT; Fig. 3A ). To determine whether EB1 helped prevent ectopic furrows, we live-imaged Eb1-RNAi embryos expressing Moe:GFP and mCh:Tubulin. EB1 knockdown significantly increased ectopic furrow frequency (P<0.0001; Fig. 3B ). As in APC2 mutants, ectopic furrows in Eb1-RNAi embryos sometimes disrupted underlying mitotic spindles (Fig. 3E) . It is worth noting that the degree of centrosome separation defects and ectopic furrows after EB1 knockdown were both very similar to those in APC2 mutants, consistent with a direct relationship between reduced centrosome separation and ectopic furrows. Lastly, EB1 knockdown significantly increased nuclear fallout (mean=11.9%, P<0.0001; Fig. 3C,D) . Fallout rates after Eb1-RNAi were much greater than in APC2 mutants, probably reflecting the many roles of EB1 in microtubule regulation. Together, these experiments support our hypothesis that initial defects in centrosome separation help trigger ectopic furrows, which in some cases perturb mitosis, resulting in nuclear fallout. This model is also consistent with the timing of these events; in APC2 mutants, incomplete centrosome separation results from slower separation throughout the previous S phase ( Buttrick et al., 2008) . Thus, incomplete centrosome separation temporally precedes ectopic furrows, chromosome mis-segregation, and, of course, nuclear removal. Like normal pseudocleavage furrows, ectopic furrows form at mitosis onset, mature at metaphase and retract at anaphase, and thus they form prior to chromosome segregation and nuclear fallout.
APC2 functions at the embryonic cortex to ensure mitotic fidelity
Centrosome separation is driven in part by forces generated by centrosome-nucleated microtubules, which interact with microtubules emanating from the other centrosome or with the cell cortex (Tanenbaum and Medema, 2010) . APC can localize to mammalian centrosomes (Louie et al., 2004 ), but we have not observed APC2 at centrosomes in any normal fly tissue (Akong et al., 2002; McCartney et al., 1999) . Instead, APC2 is predominantly cortical in early embryos (McCartney et al., 2001) , suggesting that its role in promoting centrosome separation and preventing nuclear fallout occurs at the cortex. Consistent with this, APC2 alleles affecting its cortical localization also cause nuclear fallout (McCartney et al., 2006; Zhou et al., 2011 ). However, it remained possible that the dual effects on syncytial function and localization were simply a correlation rather than causal. To test directly whether the cortical localization of APC2 is essential for its cytoskeletal functions, we generated a WT APC2 variant that could not localize cortically but instead was redirected to mitochondria. We then compared full-length APC2 (APC2 FL ) with full-length APC2 with a C-terminal mitochondriallocalization tag (APC2 mito ), both expressed via the endogenous promoter, GFP-tagged, inserted into the same genomic location, and expressed at levels comparable to endogenous APC2 (Roberts et al., 2012) . APC2 mito re-localizes to mitochondria, but despite this, fully rescues Wnt signaling in both mammalian cells and flies (Roberts et al., 2012) . We confirmed that these APC2 variants localized as expected in syncytial embryos, by driving their expression using the Gal4-UAS system. As expected, APC2 FL correctly localized to the cortex along pseudocleavage furrows (Fig. 4A) , like endogenous APC2 (McCartney et al., 2001 ), whereas APC2 mito was completely mislocalized away from the cortex to internal structures, presumably mitochondria (Fig. 4B) . This allowed us to test directly whether APC2 cortical localization is essential for cytoskeletal function.
We assessed this by expressing APC2 mito in APC2 null embryos, and scoring nuclear fallout. APC2 FL rescued nuclear fallout defects of APC2 embryos (mean=1.12%, n=43; P=0.023 versus APC2; not significantly different than WT; Fig. 4C ). By contrast, APC2 mito did 4231 RESEARCH ARTICLE APC and genome stability not reduce the fallout rate to WT levels (mean=1.53%, n=39; P=0.038 versus WT; not significantly different than APC2; Fig. 4C ). Together with earlier work on APC2 mis-sense mutants, this strongly suggests APC2 acts at the cortex to regulate high-fidelity mitosis, and underscores that this cytoskeletal role is Wnt independent.
The cytoskeletal function of APC2 requires the Arm repeats and βcat binding sites To determine the mechanism by which APC promotes genome stability, we also must identify proteins working with it in this process. Human and fly APCs all share multiple well-conserved protein interaction domains. All have N-terminal Armadillo (Arm) repeats binding multiple partners, including known cytoskeletal regulators. In addition, the C-terminal half of APC2 (equivalent to the 'mid' region of human APC) contains islands of protein conservation, defining known or putative protein-binding motifs, interspersed in regions of overall low conservation that are predicted to be unstructured. This region includes several 15-and 20-amino acid repeats (15+20aa) that each bind βcat, and two SAMP motifs binding Axin, a scaffold protein important in Wnt signaling (Fig. 5A ). These diverse partners allow for several models of the mechanisms of action of APC. By generating a set of mutants by precisely removing particular domains/motifs, we defined how different regions, and thus protein partners, contribute to the role of APC2 in Wnt regulation (Roberts et al., 2011) . Here, we used these mutants to define the APC2 domains required to help ensure mitotic fidelity, and to identify putative partners in this process.
One model suggests that APC2 promotes interactions between astral microtubules and cortical actin through a complex including βcat (supplementary material Fig. S4 ) (McCartney et al., 2001 ). Our new data suggest that APC2 facilitates centrosome separation, which promotes mitotic fidelity, probably by preventing ectopic furrow formation. This is consistent with a variant of our original model, in which cortical astral microtubule attachment facilitates centrosome separation. We thus investigated which protein interactions are essential for the mitotic stability role of APC2. The hypothesis that APC2 links to actin via α-and βcat, and then interacts with astral microtubules via an unknown partner (APC2 lacks the direct microtubule-binding site of human APC), predicts that the ability of APC2 to bind βcat via its 15+20aa repeats would be crucial. It also predicts that the Arm repeats will be important, facilitating interaction with one of the microtubule-binding proteins interacting with them, e.g. Kinesin-associated protein 3 (KAP3) (Jimbo et al., 2002) . By contrast, because the role of APC2 in Wnt signaling is not important in syncytial embryos (McCartney et al., 2006) (this study), we predicted that the ability of APC2 to bind to Axin via the SAMPs and thus assemble the Wnt-regulatory destruction complex would be dispensable. FL in the APC2 null background restores nuclear fallout rate to WT levels, but fallout levels in APC2 null embryos expressing APC2 mito remain significantly greater than WT, but are not significantly different from APC2 mutants. Comparisons not specifically indicated were non-significant (P>0.05). Error bars represent s.d.
To test these hypotheses directly and clarify mechanisms by which APC2 regulates the cytoskeleton, we determined which APC2 protein-interaction domains are necessary. To do so, we used a set of APC2 mutants in which different protein-binding regions had been deleted (Fig. 5A) , expressed using the endogenous promoter and accumulating at levels comparable to endogenous APC2 (Roberts et al., 2011) . The 15+20aa repeats each bind βcat with different affinities (Liu et al., 2006) . To test whether the ability of APC2 to bind βcat is essential for its mechanism of action, we first tested an APC2 mutant with a clean deletion of all 15+20aa repeats (APC2
Δ15+20aa
). APC2
Δ15+20aa expressed in the null mutant background did not rescue nuclear fallout (mean=2.50%, n=30; P=0.0001 versus WT; Fig. 5B ), supporting the hypothesis that APC2 regulates the cytoskeleton together with βcat (McCartney et al., 2001) . To test this hypothesis further, we used RNAi to knock down βcat (Armadillo in Drosophila). Similar to APC2 mutants, βcat-RNAi significantly decreased centrosome separation (mean=161.1°; P<0.003 versus WT; supplementary material Fig. S3A ), and increased ectopic cleavage furrow frequency (mean=7.1%; P<0.0001 versus WT; supplementary material Fig. S3B ) and nuclear fallout (mean=1.66%; P=0.03 versus WT; supplementary material Fig. S3C,D) .
We next examined whether the cytoskeletal function of APC2 requires all the 15+20aa repeats. The highest-affinity βcat-binding
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Development 140 (20) site is 20aa repeat3 (Liu et al., 2006) , and this site was predicted to have special roles in Wnt regulation. Interestingly, removing 20aa repeat3 did not disrupt the ability of APC2 Δ20R3 to restore mitotic fidelity (mean=0.95%, n=30; P=0.023 versus APC2 null; Fig. 5B ). Thus, our data support a model in which APC2 and βcat work together in cytoskeletal regulation, and suggest that the βcat-binding sites are collectively, but not individually, essential.
The Arm repeats of APC bind many partners, including KAP3, IQGAP, ASEF (ARHGEF4), CDC42 and PP2A (Jimbo et al., 2002; Kawasaki et al., 2000; Seeling et al., 1999; Sudhaharan et al., 2011; Watanabe et al., 2004) . Mis-sense mutations in the Arm repeats disrupt the ability of APC2 to prevent nuclear fallout, but at least one has a stronger phenotype than the null mutant (McCartney et al., 2006) , suggesting that these mutants might non-productively interact with APC2 partners, causing defects by sequestering partners rather than because the Arm repeats are essential. To assess cleanly the importance of the Arm repeats in cytoskeletal function, we tested an APC2 mutant lacking all the Arm repeats (APC2 ΔArm ).
APC2
ΔArm did not significantly reduce fallout (mean=1.73%, n=31; P=0.039 versus WT; Fig. 5B ), demonstrating that the Arm repeats are required for the cytoskeletal role of APC2. Further work is required to identify the Arm repeat-binding partners working with APC2 in syncytial embryos.
Recently, we identified a novel role for another APC2 motif, conserved region B, in Wnt regulation (Roberts et al., 2011) . The mechanistic function of Region B is unknown, but we hypothesize that it is a protein interaction motif the binding partner(s) of which regulate the catalytic cycle of the βcat destruction complex. To determine whether region B is essential for the cytoskeletal function of APC2, we assayed whether a mutant lacking it (APC2 ΔB ) rescued fallout. Although APC2
ΔB is non-functional in Wnt signaling (Roberts et al., 2011) , APC2
ΔB significantly reduces nuclear fallout (statistically indistinguishable from WT and significantly different from APC2; mean=1.33%, n=79; P=0.046; Fig. 5B ). Thus, although region B is crucial for Wnt signaling, it appears to be dispensable for ensuring mitotic fidelity, supporting the idea that the dual roles of APC2 in cytoskeletal and Wnt regulation are mechanistically distinct.
APC2 binding to Axin is important for cytoskeletal regulation and preventing nuclear fallout
The SAMP repeats of APC2 bind Axin, the scaffold of the Wntregulatory destruction complex. Syncytial embryos lack Wnt signaling, and thus we hypothesized that the SAMPs would be dispensable for the activity of APC2. Surprisingly, APC2
ΔSAMP did not rescue nuclear fallout ( Fig. 5B; mean=2 .26%, n=28; P=0.0006 versus WT), suggesting that Axin might also regulate the cytoskeleton. To test this directly, we generated embryos maternally mutant for the null axin S04423 allele (Hamada et al., 1999) . Like APC2 embryos, Axin mutants had elevated nuclear fallout (mean=1.62%, n=37; significantly greater than WT, P=0.026; not significantly different from APC2; Fig. 5B ). Thus, Axin and its interaction with APC2 are both important for mitotic fidelity, consistent with the hypothesis that they work together in this process.
It remained possible that Axin promotes nuclear fidelity by a distinct, APC-independent mechanism. Our data suggest that APC2 facilitates high-fidelity mitosis by promoting centrosome separation and preventing ectopic furrows. To determine whether Axin operates by similar or distinct mechanisms, we analyzed these events. Axin mutants had reduced centrosome separation ( Fig. 6 ; ) and mutants with deletions of protein interaction domains. On the right is a summary of the data from B, indicating whether particular transgenes restored nuclear fallout rate to WT levels. (B) APC2 full-length rescued the null phenotype, as did transgenes lacking conserved region B or 20R3. However, transgenes lacking the Arm repeats, all 15+20aa repeats, or the SAMPs did not restore nuclear fallout levels to WT. Axin mutants also possessed significantly increased nuclear fallout relative to WT; this was not significantly different from APC2 embryos. Statistical comparisons not indicated were nonsignificant (P>0.05). Error bars represent s.d. mean=160.0°, n=180 centrosome pairs; 12 embryos; significantly less than WT, P<0.001; not significantly different from APC2), and significantly more ectopic furrows than WT ( Fig. 6 ; 5.4%; P=0.0013 versus WT; not significantly different from APC2). These data support the hypothesis that APC2 and Axin work in concert to ensure mitotic fidelity.
We next explored what role Axin plays in the cytoskeletal regulatory role of APC2. APC2 cortical localization is essential for cytoskeletal function, and this requires the action of another destruction complex protein, GSK3 (SGG -FlyBase) (McCartney et al., 2001 ). Because Axin is the scaffold in the destruction complex, we tested the hypothesis that Axin regulates APC2 cortical localization, perhaps by templating GSK3 phosphorylation of APC2 or βcat. However, in contrast to GSK3 (McCartney et al., 2001 ), Axin was not required for cortical localization of APC2 (Fig. 6C,D) . Together, these data support a model in which APC2 and Axin work together in syncytial embryos, identifying Axin as a novel cytoskeletal regulator in this system.
DISCUSSION
APC plays a key role in colon cancer initiation. Because of its known cytoskeletal binding partners and roles, it has been suggested that APC mutation also promotes cancer progression through increased CIN. However, despite numerous studies on APC function in cultured cells, there is no consensus as to the mechanisms by which it promotes mitotic fidelity , or about how important this is in vivo in whole animals.
APC promotes high-fidelity mitosis through its role as a cytoskeletal regulator
We used fly embryos to explore how APC proteins regulate mitotic fidelity in vivo. Our findings corroborate studies in mammalian cells suggesting that APC promotes genomic stability through its cytoskeletal functions (reviewed by . Mammalian APC may also promote genomic stability by regulating Wnt signaling (Aoki et al., 2007; Hadjihannas et al., 2006) , but our 4233 RESEARCH ARTICLE APC and genome stability data indicate that the role of APC2 in preventing CIN in syncytial embryos does not involve this. Furthermore, although APC2 mutants have increased mitotic defects, most mitoses proceed without error. Thus, APC2 is not a central part of the mitotic apparatus in vivo, which contrasts with studies suggesting that APC proteins are key mitotic regulators. Instead, our data suggest that APC2 ensures high-fidelity mitosis. Although this might reflect functional differences between human and fly APCs, it may also suggest that cultured cells represent a sensitized situation with an elevated mitotic error rate, in which removal of fidelity regulators such as APC has a greater impact; consistent with this, cultured cells are prone to karyotypic anomalies (Drexler et al., 2000; Liu et al., 1997; Longo et al., 1997) . It is important to note that the precise series of events triggered by APC2 loss in syncytial fly embryos are likely to be specific to that system, with APC playing diverse cytoskeletal roles at different times and places, both within the same animal and between species.
Centrosome separation, ectopic furrows and DNA damage The small but significant increase in mitotic failure in APC2 mutants prompted us to work backwards from nuclear removal, reasoning that the primary defect might be significantly more frequent, but might not always trigger nuclear removal. Mechanistically, our data are consistent with a model wherein APC2 promotes high-fidelity chromosome segregation through a primary role in facilitating centrosome separation. In APC2 mutants, centrosome separation defects are highly elevated, with 12% of nuclei having separation reduced more than two standard deviations from the WT mean. Although this did not have apparent effects on spindle structure (McCartney et al., 2006) , it had an unexpected consequence. APC2 mutants had a dramatic increase in ectopic cleavage furrows, the likelihood of which was highly correlated with reduced centrosome separation. The possible causal connection between incomplete centrosome separation and ectopic furrowing was further supported by our analysis of EB1 knockdown, as EB1 acts independently of APC2 in syncytial embryos (Webb et al., 2009 ). Although we contend that the similar effects of Eb1-RNAi and APC2 loss on centrosome separation and ectopic furrowing support the role of these phenotypes in downstream chromosome mis-segregation and nuclear fallout, it should be noted that EB1 appears to play a direct role in chromosome segregation. Thus, it is possible that this shared defect in chromosome segregation is responsible for nuclear fallout in both mutants, irrespective of their similarities in centrosome separation defects and ectopic furrows.
Ectopic furrows form where cleavage furrows would form in standard mitotic divisions. Indeed, formation of normal cytokinetic furrows is prevented in syncytial divisions by preventing Rho activation in the spindle midzone; although centralspindlin proteins localize there, RhoGEF2 does not, and artificial elevation of Rho activity triggers ectopic furrows (Crest et al., 2012) . Our data suggest how ectopic furrows are normally prevented in early embryos. They are consistent with the hypothesis that proper centrosome separation leads to furrow formation around the dividing 'cell', rather than over the metaphase plate where it would form in normal cytokinesis (Fig. 2E) . When centrosome separation is reduced, the ectopic RhoGEF2 recruitment we observed at the spindle midzone might be sufficient to trigger ectopic furrowing. Our model suggests that failure to fully separate centrosomes and subsequent formation of ectopic furrows then leads to mitotic defects. We found that nuclei and associated mitotic spindles can be physically displaced by ingressing ectopic furrows, perhaps disrupting chromosome segregation. This provides strong selective pressure for the existing mechanism preventing ectopic furrowing.
How then does this trigger nuclear removal? Nuclear removal can be initiated by DNA damage, monitored by the DNA damage sensor CHK2 (Antoni et al., 2007; Takada et al., 2003) . Strikingly, APC2 mutants had more chromosome segregation errors than wild type, many of which were followed by nuclear removal. Furthermore, nuclei undergoing fallout accumulated the DNA damage marker γH2Av. These data are consistent with the hypothesis that in APC2 mutants, chromosome mis-segregation generates DNA damage, thus triggering CHK2-mediated nuclear removal. Indeed, nuclear removal was blocked in chk2;APC2 double mutants. Recent studies in mammalian cells indicate that chromosome mis-segregation can cause DNA damage (Crasta et al., 2012; Janssen et al., 2011) ; intriguingly, one suggests cytokinetic furrow ingression on lagging chromosomes damages DNA (Janssen et al., 2011) . Given the significant increase in lagging chromosomes and the ectopic cleavage furrows over spindles in APC2 mutants, it is tempting to speculate that a similar mechanism for generating DNA damage might be involved.
Of course, APC2 loss also might lead to chromosome segregation errors by other mechanisms. For example, centrosome separation defects are sufficient to generate merotelic microtubule attachments, thus leading to chromosome mis-segregation (Silkworth et al., 2012) . The rapidity of syncytial divisions may make early embryos particularly sensitive to this type of error. Furthermore, in syncytial embryos the shared cytoplasm might make it difficult to alter timing of the metaphase-anaphase transition locally at an affected nucleus to allow repair of microtubule attachment errors. Together, our data suggest that although APC2 loss may lead to chromosome missegregation and nuclear fallout by multiple means, most if not all of these pathways begin with defects in centrosome separation. We believe our findings on the role of APC2 in mitotic fidelity in syncytial embryos may extend to other cell types, as fly neural stem cells lacking APC proteins have a significantly longer mitotic cycle, suggesting mitotic defects . It will be interesting to see whether human APC promotes mitotic fidelity, at least in part, by regulating centrosome positioning; consistent with this, human APC facilitates centrosome movement in migrating neurons by stabilizing microtubule interactions with cortical actin (Asada and Sanada, 2010) . Furthermore, in human colon cancer cells, merlin (neurofibromin 2), ezrin and APC2 govern centrosome and spindle positioning by regulating astral microtubule attachment to cortical actin (Hebert et al., 2012) , suggesting a conserved role for APC in positioning centrosomes and spindles. Our findings may also help us to understand better the role of APC mutations in cancer. In most colon cancers, one APC allele bears a premature stop codon in the mid-region, truncating the protein. A fly mutant (APC2 d40 ) that mimics these truncations has increased nuclear fallout, like APC2 null embryos (McCartney et al., 2006) . We found APC2 d40 mutants also have reduced centrosome separation ( Fig. 1I ; mean=156.6°; significantly different from WT; P<0.001, not significantly different from APC2 g10 ). This suggests that at least some aspects of our model describing the mechanistic role of APC2 in promoting mitotic fidelity may apply to colon tumors with truncated APC. Our data also test key aspects of models describing where and how APC2 regulates the cytoskeleton. Our analyses suggest that APC2 acts at the embryonic cortex, where it binds βcat. These findings, together with the role of APC2 in centrosome separation, led us to revise our previous model (McCartney et al., 2001) . We propose that APC2 facilitates stable interaction of astral
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Development 140 (20) microtubules with cortical actin to promote centrosome separation (supplementary material Fig. S4, left) . This model is consistent with numerous studies indicating that cortical microtubule attachment helps mediate centrosome separation by generating pulling forces on astral microtubules through cortical dynein (Tanenbaum and Medema, 2010) . It is now important to explore the effects of APC2 on microtubule dynamics directly.
Axin and cytoskeletal regulation
Our analyses of APC2 domain-deleted mutants revealed two additional mechanistic insights. First, the Arm repeats of APC2 are necessary for syncytial cytoskeletal function, suggesting that they bind an important partner. Based on our model that APC2 facilitates microtubule-cortex interactions, one attractive candidate is KAP3 (Sarpal et al., 2003) . Second, the SAMP repeats, which allow APC2 to bind the destruction complex scaffold Axin, are also required for the cytoskeletal role of APC2. Furthermore, Axin mutants, like APC2 mutants, had reduced centrosome separation, and increased ectopic furrows and nuclear fallout. These data suggest that in syncytial embryos, APC2 acts as part of a multiprotein complex sharing many components with the Wnt-regulatory destruction complex. However, comparing APC2 mutants rescuing mitotic fidelity (this study) or Wnt signaling (Roberts et al., 2011; Roberts et al., 2012) strongly suggests that in syncytial embryos this complex has a distinct role from its Wnt-regulatory function. It will be important to determine the role of Axin in this complex, as we found it is not required to localize APC2 to the cortex, unlike the destruction complex component GSK3 (McCartney et al., 2001 ).
Mitotic fidelity and CIN
Our in vivo studies indicate that APC helps to ensure mitotic fidelity via cytoskeletal regulation, but show that, at least in syncytial fly embryos, this contribution is relatively subtle. Furthermore, our data suggest that embryos possess mechanisms to help compensate for defects caused by APC2 loss: although centrosomal separation defects affect 12% of nuclei, only 7% have ectopic furrows and only 2% experience chromosome segregation defects or nuclear fallout (supplementary material Fig. S4 , right). It will be important to identify mechanisms buffering the effects of APC2 loss and thus reducing mitotic defects. Although the precise role that APC2 plays in syncytial embryos and the cascade of consequences of APC2 loss are likely to be confined to that system, we hypothesize that APC proteins play analogous roles in other tissues, subtly regulating the cytoskeleton to promote mitotic fidelity. This is consistent with observations in cultured mammalian cells, which suggest that APC loss exerts diverse effects on the cytoskeleton, reducing mitotic fidelity (e.g. Draviam et al., 2006; Dikovskaya et al., 2007; Green and Kaplan, 2003) . Such roles for APC proteins in mitotic fidelity and the possible mechanisms compensating for APC loss may have interesting implications for cancer progression. In colon polyps and early adenomas, prior to accumulation of additional mutations present in carcinomas, cells prone to massive mitotic defects would probably be eliminated by surveillance processes, such as DNA damage checkpoints, whereas cells with subtle perturbations of mitotic fidelity like those caused by APC2 loss might persist. Occasional mitotic errors may then help induce genomic instability spurring tumor progression. Furthermore, APC mutation might sensitize cells to checkpoint loss, as cytoskeletal defects caused by APC loss may be less effectively buffered, thereby elevating CIN. This provides a clear, testable model for how APC mutation contributes to tumor initiation and progression.
